Abstract. Water scarcity in southern Australia and an imperative to develop regional economies have combined to renew focus on the potential for irrigated agricultural development in Australia's largely undeveloped and sparsely populated north. More than 2 billion potential dam sites across northern Australia (an area of~3 million km 2 ) were assessed in a consistent and objective manner, using the DamSite model, in the largest comprehensive assessment of large dams undertaken globally. Simultaneous consideration was given to large dams and their proximity to land physically suited to the development of irrigated cropping and horticulture. We did not consider regulatory and land-ownership limitations on irrigation and dam development or social, environmental and economic considerations. Although these factors do and will constrain water and agricultural development in northern Australia, each requires a site-specific analysis, and these factors can potentially change with time.
Introduction
Water scarcity in southern Australia and an imperative to develop regional economies have combined to renew focus on the potential for irrigated agricultural development in the remote and sparsely populated north of Australia (PMC 2015) , an area of~3 million km 2 or 40% of Australia's land mass. However, access to reliable water is currently a key constraint to irrigation (and other) development in the north. Northern Australia has only~5% of the~560 'large' dams listed in the Australian National Committee on Large Dams (ANCOLD) database, and groundwater is limited in many areas to lowyielding stock and domestic supplies (CSIRO 2009a (CSIRO , 2009b (CSIRO , 2009c (CSIRO , 2009d . Given the role of dams in supplying most of Australia's water for irrigation in southern Australia (CSIRO 2011) , there is considerable interest in exploring the potential for large dams in northern Australia, predominantly in support of large-scale expansion of irrigated agriculture (PMC 2015) .
Most of northern Australia's land and water resources have not been mapped in sufficient detail to support reliable resource allocation or investment decisions, or to provide policy settings that can inform such decisions. Detailed data are required to enable private investment and government expenditure on development to be soundly targeted and designed, to account for intersections between existing and potential resource users, and to ensure that net development benefits are maximised.
Consequently, the provision of reliable information for strategic planning of agricultural developments, including where the water could most efficiently be used, is seen as crucial.
Several attempts have been made to amalgamate data from Australia's seven jurisdictions to try to provide a 'top-down' overview of potentially divertible surface-water volumes across Australia (AWRC 1976 (AWRC , 1988 NLWRA 2000; Petheram et al. 2010) . These studies each had at least one deficiency. For example, they did not: (i) use consistent definitions of divertible water; (ii) employ a consistent and rigorous set of methods; (iii) examine the proximity of better storage locations to land suitable for irrigated agriculture; (iv) adequately document their methods and results; (v) objectively select potential storage locations (i.e. they were based on expert judgement). In addition, in many of the more sparsely populated areas, there were few past studies on which to base their analysis (e.g. Roper or Mitchell regions, Fig. 1 ).
To address this challenge, this study used the DamSite model (Read et al. 2012; Petheram et al. 2017) to assess automatically every location in a region for its potential as a dam. The advantage of the DamSite model is that it enables an objective, preliminary assessment of potential dam sites to be made relatively rapidly, using a consistent set of methods. Many other important considerations in siting a dam that are not explicitly assessed in the DamSite analysis can be incorporated as post-processing steps by underlying the DamSite model results with relevant datasets. This might concern geology and dam foundations, proximity to materials suitable for construction, nearby demand or land suitable for irrigation, land use and land ownership, and social, ecological and geomorphological considerations.
Specifically, the objectives of this study were to: * identify those parts of northern Australia with the most promising potential sites for large dams based on topography, hydro-climatology and regional scale geology; and * estimate the scale of irrigation potential in northern Australia based on the proximity of better large-dam locations to land suited for irrigation development. The authors have not identified any comparable studies in the international literature.
Study area
In this paper, northern Australia is defined as that part of Australia north of the Tropic of Capricorn (Fig. 1) . It remains relatively undeveloped and accommodates nearly 5% of the total Australian population (~1 million people). Of Australia's irrigated land (~2.4 Mha), the majority (~50%) is in the Murray-Darling Basin (MDB), and only~6% (~140 000 ha) lies north of the Tropic of Capricorn. The study area was broken into 21 regions, based on catchments of broadly similar physiography, to assist in communicating and displaying the results presented.
Geology and soils
A dam site is regarded as 'promising' if it has inflows of sufficient volume and frequency, topography that provides a physiographic constriction of the river channel, and favourable foundation geology. Favourable foundation conditions include a relatively shallow layer of unconsolidated materials such as alluvium, and underlying rock that is relatively strong, resistant to erosion, and non-permeable or capable of being grouted. Parts of northern Australia with broad-scale geological features that make dam construction challenging or prohibitively expensive include: * Coastal floodplains and extensive alluvium, which require long embankments to provide adequate storage capacity, and for which the construction and operation of a spillway to cope with large flood events would entail significant cost and risk. These occur in the coastal areas of most catchments, but are particularly extensive in the Riverless, Wiso-Barkly, North-East Lake Eyre and NorthWest Lake Eyre regions). These are susceptible to water loss due to seepage though sandy substrate, and high water velocities during flood flows could threaten the stability of earth embankments. Acquiring material suitable for embankments may be particularly problematic in some of these regions.
Other geological features poorly suited to dam construction include faults, weak geological units, landslides and deeply weathered zones. These features are challenging to map and assess consistently over such a large area, and the potential for their occurrence was largely ignored for the purposes of this sub-continental-scale analysis. The surface geology of northern Australia at 1 : 1 000 000 scale is presented in Fig. 2 .
Whereas geology and topography are controls on dam construction, the availability of suitable land and soil resources underpins agricultural development and productivity and the sustainability of business enterprises. In most parts of Australia, but especially in northern Australia, soils are ancient and strongly and deeply weathered, and have intrinsically low fertility levels by world standards. Notwithstanding the general 
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The Rangeland Journallimitations, Wilson et al. (2009) identified 16 Mha of land at least moderately suitable for irrigated annual agriculture in the northerly draining river basins of northern Australia alone (i.e. >5% of this landscape). However, to be used for surface-water irrigation, those areas of more suitable soil need to be in close proximity to rivers that can be regulated. It should also be noted that, in many places, land classified as moderately suitable for irrigated agriculture in northern Australia is unsuitable for dryland agriculture, primarily owing to the seasonality of rainfall. A description of the soils of northern Australia can be found in Wilson et al. (2009) and a brief description of the soils in each of the 21 regions can be found in Petheram et al. (2014) .
Hydro-climate of northern Australia
Northern Australia's rainfall is remarkably variable by global standards, in both space and time, with significant implications for water capture, storage and use. Mean annual rainfall across northern Australia varies from <250 mm in the Riverless region to >4000 mm in the Wet Tropics region, yet one of the defining traits of climate right across the north of Australia is the high seasonality of rainfall (>90% occurs between November and April). This is considerably more pronounced than in southern Australia (Petheram et al. 2008) , and results in most rivers being seasonally intermittent. In addition to its high seasonality, rainfall across northern Australia exhibits large variation from year to year (inter-annual variation). This variability in rainfall is amplified in runoff. Petheram et al. (2008) observed that the inter-annual variability of rainfall and inter-annual variability of runoff in northern Australia are~30% higher and 200-300% higher, respectively, than observed in other 'wet-dry' tropical parts of the world of similar mean annual rainfall.
The median annual unregulated discharge (i.e. predevelopment) of the 100 Australian Water Resources Council (AWRC) river basins in northern Australia is shown in Fig. 3 . Streamflow is typically related to catchment area, such that the largest river basins (e.g. Burdekin, Mitchell, Daly, Fitzroy, Victoria) have the greatest flows. Although many discharge values in Fig. 3 are large relative to those in southern Australia, the amount of water that could be extracted or diverted for consumptive use will be, in most cases, considerably less than the median annual discharge shown here.
Materials and methods
Assessment of the amount of land that could potentially be irrigated across northern Australia involved four steps.
First, the DamSite model was used to assess all locations across northern Australia for their potential as a dam, taking into consideration topography, hydrology and climate.
Second, the 'better' potential dam sites were selected, i.e. those with a high ratio of reservoir yield to dam construction cost. Those sites where the construction of a dam would be severely constrained by regional scale geological considerations (as listed above under Geology and soils) were not included in steps three and four.
Third, a map showing the suitability of land for irrigated annuals across northern Australia was generated, using the rules and method of Wilson et al. (2009) .
Fourth, the remaining 'better' potential dam sites were overlaid on a map indicating the suitability of land for irrigated annuals, and estimates were made of the amount of land that Petheram et al. (2012) and AWRA Version 4.5 (Vaze et al. 2013) .
could potentially be irrigated in each of the 100 AWRC river basins. This analysis considered the proximity of 'better' potential dams to land suitable for irrigation (Steps 1-3), and conveyance and application losses and crop irrigation requirement.
Step 1. Dam location and yield estimation To ensure that dam sites across northern Australia were assessed objectively and consistently, the DamSite model (Read et al. 2012; Petheram et al. 2017) was applied across the entire area. This model is a series of algorithms automatically determining favourable locations in the landscape as sites for intermediate to large water storages, and has been previously applied successfully to the Flinders and Gilbert River Basins (Petheram et al. 2013a) and Finniss and Adelaide River Basins near Darwin (Petheram et al. 2017) . Broadly, the approach involved calculating the potential dam and reservoir dimensions of every 30 m by 30 m location in northern Australia at 1-m height increments, constructing saddle dams as required, and using the national hydrologically corrected 1 00 (i.e.~30-m horizontal grid) digital elevation model, DEM-H. This model was derived from the Shuttle Radar Terrain Model (SRTM) (Gallant et al. 2011) , and is the best available DEM across northern Australia. In the more southerly, flat parts of the study area, where major errors in the flow-accumulation grid resulted from the drainage-enforcement process, DEM-H was manually corrected to preserve depressions in the landscape.
The DamSite model then calculated a 'preliminary yield' (at 85% annual time reliability) at the dam wall by using the computationally efficient Gould-Dincer Gamma (GDG) algorithm (McMahon and Adeloye 2005; Petheram et al. 2008) for calculating the yield of carryover storages (i.e. large dams where water can be carried over from one year to the next), and a within-year storage-yield method (Petheram et al. 2017) . This was done for each 1-m increment dam height at each site, i.e. the model assessed >2 billion potential dam sites, and for >100 heights at some sites. For each height increment, the 'preliminary yield' was selected from the larger of the GDG yield and withinyear yield estimates. At each site and for each 1-m increment of dam height, the model calculated an approximate unit cost for a dam structure, thereby enabling a penalty to be applied to higher and longer dam wall structures. This was done using a 'dam cost algorithm' developed by regressing dam cost against dam wall and catchment attribute dimensions for~80 existing dams in Australia (Read et al. 2012) . The cost-effectiveness of each dam was then calculated in terms of the ratio of reservoir yield to cost of dam construction, also referred to as maximum yield per unit cost (YpUC max ), which can be used to evaluate the optimal height at a given site and the optimal sites in each region.
For each of the 21 regions in the study area (except the Riverless Region), the DamSite model was parameterised to re-evaluate the yields (at each 1-m height increment) of the 500 potential dam sites with the highest maximum 'preliminary yield' per unit cost (i.e.~10 000 sites across all 21 regions of northern Australia) by using the more accurate but computationally time-consuming behaviour analysis (BHA) model (McMahon and Adeloye 2005) . For the GDG, withinyear and BHA yield analyses, inflows to each reservoir were derived by aggregating gridded runoff data previously generated for northern Australia by Petheram et al. (2009 Petheram et al. ( , 2012 and Vaze et al. (2013) . In the BHA model, net evaporation from each reservoir at each 1-m dam-wall height increment was calculated based on climate data at the dam wall, which was obtained from the SILO Climate Data Drill, a national gridded climate surface for Australia (Jeffrey et al. 2001) .
Importantly, the yield estimates and derived calculations presented in this paper: (i) do not consider other users of water, and (ii) assume that no other regulatory structures exist upstream of the site. These assumptions are appropriate for most of northern Australia, and where they do not hold (i.e. parts of the Ord River, Darwin River, Barron River, Tully River, Ross River and Burdekin River catchments), the DamSite model results presented in this paper would be representative of the potential before the development of the structures in these catchments. Note that in calculating the area of land that could be potentially irrigated in Step 4 below (Scale of northern Australia's irrigation potential), existing dams were considered (Fig. 1) .
The Riverless region was not assessed using the DamSite model. The analysis methods as they stand are not able to handle properly the poorly connected drainage lines and the prevalence of landscape depressions, so assessment of this region would be difficult without further development of the DamSite method and DEM-H. Nevertheless, the lack of suitable topography, high net evaporation, low runoff, uncoordinated drainage patterns and generally unfavourable geology mean that this region is very unlikely to have suitable locations for large dams.
Step 2. Selection of better potential dam sites In each AWRC river basin, the more 'promising' potential dam sites were identified based on a minimum YpUC max threshold, broad-scale geological suitability, and proximity to land suitable for irrigated agriculture. Four 'minimum' thresholds of YpUC max were assessed: 2, 5, 10 and 20. However, in reporting an area that could potentially be irrigated, a threshold of YpUC max !5 was adopted. This threshold value was based on previous experience of using the DamSite model and the more promising dam sites in the Flinders and Gilbert catchments (Petheram et al. 2013a) , the Finniss and Adelaide River catchments (Petheram et al. 2017) , and existing dams used for irrigation supply in northern Australia (Table 1) . Table 1 lists existing large dams in northern Australia of capacity >10 GL, with their YpUC, where cost was calculated using the DamSite model yield and cost algorithm based on the listed ANCOLD dam dimensions. In reality, large-dam-based irrigation developments have been found to give a poor return on investment (e.g. Davidson 1972; Fan et al. 2007; Molle 2008; Kim et al. 2013; Poulton et al. 2013; Petheram et al. 2016) , so any threshold value could be considered subjective.
A desktop geological inspection of the 'better' potential dam sites was undertaken by using available digital geological maps (typically 1 : 250 000 scale) and Google Earth. Those sites identified as having a high likelihood of serious geological problems (e.g. based on the broad-scale geological consideration listed above under Geology and soils) were excluded from further analysis. Unless the potential dams were small in volume in relation to the annual streamflow in the river, only the largest dam was selected along each river reach. In the few cases where multiple potential dams were located in series (i.e. one after the other), inflows to the downstream dam were reduced accordingly.
Step 3. Land suitability analysis Land suitability is the fitness of a given area for a land utilisation type, commonly expressed as a set of discrete classes numbered from Class 1 (completely suited) to Class 5 (completely unsuited), as defined in Table 2 . These classes are based on their inherent properties and ability to support a given agricultural enterprise cost-effectively. Note that a large proportion of Australia's agricultural soils are categorised as Class 3 (moderately suitable with considerable limitations).
The land-suitability assessment used in this paper (Fig. 4 ) was for irrigated annual crops and was generated by using a generic set of rules (Wilson et al. 2009 ) across the entire study area and, hence, may not adequately consider local agronomy or local differences in soil properties. Although the best available data for each recorded soil type in each mapped area have been assessed, often these data represent only the dominant recorded soil and do not take into account other unmapped soils or local variations. Soil descriptions are usually constructed as typical of a soil type, based on a limited number of field-survey observations over large geographic areas. This may therefore lead to an over-or under-estimate of the likely limitations to agricultural development and management at specific locations. This soil suitability assessment does not consider other land and site factors such as flooding and salinity risk, water availability, economic and social considerations, or environmental offsite impacts. These factors are not usually considered in regionalscale land-suitability analysis because the information required is rarely meaningfully available at the regional scale. Furthermore, in the context of this analysis, the impacts of flooding are reduced by large dams, the extent to which can only be assessed by using detailed site-specific hydrological models. Nonetheless, in the majority of catchments, land suitable for irrigation was not limiting, and there would be potential to mitigate the risks such as flooding by developing land further from the river channel, although this would incur higher capital costs from the construction of additional pumping and conveyance infrastructure. Figure 4 shows the mapped suitability for irrigated annual crops across northern Australia. Each mapped polygon is represented by the proportion of soil within that polygon that has been individually assessed in each suitability class. For example, an area mapped as A1 has >70% of the described soil within that area assessed as Class 1 or Class 2. Note that where only the dominant soil has been assessed, this may distort the mapping because the dominant soil may represent only 50%, or even less, of the total area. The mapped suitability groups indicate the proportion of different suitability classes that fall within a polygon. Class 2 Suitable land with minor limitations that either reduce production or require more than the simple management practices of class 1 land to maintain economic production Class 3 Moderately suitable land with considerable limitations that either further lower production or require more than those management practices of Class 2 land to maintain economic production Class 4 Marginal land presently considered unsuitable owing to severe limitations. The long-term significance of these limitations on the proposed land use is unknown. The use of this land depends on undertaking additional studies to determine whether the effects of the limitation(s) can be reduced to achieve sustained economic production Class 5 Unsuitable land with extreme limitations that preclude its use. Class 5 is considered unsuitable, having limitations that in aggregate are so severe that the benefits would not justify the inputs required to initiate and maintain production in the long term. A major change in economics, technology or management expertise would be required before the land could be considered suitable for that land use Large, contiguous areas of land potentially suitable for irrigated annuals occur in the Pilbara, Riverless, Fitzroy (WA), Ord-Bonaparte, Daly, South-West Gulf, South-East Gulf and Western Cape regions (Fig. 4) . It should be stressed that the large, contiguous nature of these areas may reflect the broad scale of the input soils data, and that finer scales of assessment would show the true nature of soil suitability and availability.
Although limited soil data exist for the southern half of the Northern Territory, they have yet to be compiled in a nationally compatible form and so could not be included in this assessment. Large, contiguous areas of soil suitable for irrigated agriculture are considered likely in this area, but as in the Riverless region, this area is likely to have very few suitable dam sites owing to the lack of suitable topography, high net evaporation, low runoff and generally unsuitable foundation conditions. Thus, the absence of land suitability data for these regions is unimportant for the purposes of this scale of analysis.
Step 4. Scale of northern Australia's irrigation potential The amount of land (ha) that could be potentially irrigated (A Pot ) in each of the 100 AWRC river basins in northern Australia will be a function of the amount of water that can be reliably supplied from a reservoir or reservoirs, conveyance and application efficiency, and irrigation-water requirement. This can be represented by Eqn 1:
where Y Pot (GL) is the yield of a potential dam; E % (dimensionless) is the efficiency of delivery and application of water to the crop; I WR (mm) is an estimate of the irrigation water requirement (this does not include field application losses, which are encapsulated in E % ); and C is a unit conversion factor, equal to 100 000. Y Pot was calculated by the method described previously in
Step 1 (Dam location and yield estimation); methods for calculation of E % and I WR are described in the following two subsections.
Efficiency of delivery and application (E % )
All reservoir yields are expressed at the 'dam wall'. The amount of water that could actually be used by irrigated crops will be considerably less than this amount, depending upon the distance of the dam to the irrigation scheme, the method of conveyance, on-farm storage and the technology used to apply water to the crop.
The overall efficiency of a system (E % ) is defined here as the ratio of the volume of water used by the crops and evaporated from the soil surface to the volume of water that is released from the dam. (Note that some studies, e.g. Petheram et al. 2010 , also include a storage efficiency term, but in this analysis, this is already encapsulated in the reservoir yield estimates.) E % is the product of the river-system conveyance efficiency (E T ), irrigation-scheme conveyance efficiency (E C ), within scheme/ on-farm distribution efficiency (E F ) and field-application efficiency (E A ) (Eqn 2):
In the absence of other information, E T and E C were estimated by using modelled losses from four regulated catchments in central and northern Queensland (Petheram et al. 2013b ) and a review of loss information in Australia (Petheram et al. 2010 (Petheram et al. , 2013b ). E T is estimated thus (Eqn 3a-c):
where D R is the distance water needs to be conveyed along the river from the dam wall to the irrigation area (re-regulating structure or point of extraction). E C is calculated according to Eqn 4:
where D C is the distance water needs to be conveyed along a constructed 'trunk' channel from the river to the irrigation scheme. Because of the poor resolution of soil data in many regions, the trunk channel was typically assumed to be 10 km in length.
The median (maximum) river and channel conveyance lengths estimated as part of this study were, respectively, 30 km (130 km) and 10 km (30 km). Figure 5a shows the percentage exceedance of river (left) and channel (right) conveyance efficiencies for potential dams with YpUC max >2, 5, 10 and 20 GL per unit cost (UC). From this figure, it can be seen that 80% of the potential dam sites with YpUC max threshold 2 (n = 125) have modelled river and channel conveyance efficiencies !80% and 88%, respectively.
Relatively high (i.e. 'favourable') efficiency values for E F and E A, 90% and 85%, respectively, were uniformly applied. An E A value of~85% is typically achieved by using spray irrigation or well-managed surface irrigation with tail-water recycling on heavy soils (Petheram et al. 2010 (Petheram et al. , 2013a (Petheram et al. , 2013b .
The median E % for potential dams where the YpUC max was >2, 5, 10 and 20 GL per UC was 59%, 59%, 56% and 52%, respectively.
Irrigation water requirement (I WR )
The I WR is the rainfall-depth equivalent of water required by a crop to achieve its agronomic potential after rainfall (i.e. it does not include field-application losses).
In this analysis, I WR was calculated at a monthly time-step and it was assumed that no soil water was carried over from one month to the next. One of the underlying assumptions of this approach is that there is no net change in soil water at the monthly time-step. This assumption is considered reasonable for irrigated soils because the soil profile is usually kept wet.
Because an E A value of 85% was used, leaching was assumed to occur most of the time, and hence, I WR values were not adjusted for leaching fractions as once commonly recommended in the literature (e.g. Ayers and Westcott 1985) .
The simplest way of computing irrigation demand is to subtract precipitation (P) from the crop water requirement (ET). However, irrigated agriculture is inefficient in using rainfall because the soil profile is usually kept wet (Stirzaker 1999) . To compensate for deep drainage, tail-water drainage and surface runoff, which may occur because of poor timing of rainfall and irrigation application, a rainfall efficiency term (E P ) was introduced. The efficiency with which crops use rainfall (E P ) will vary depending on a wide range of factors including soil type, irrigation management and local climate. In this broadscale analysis, a uniform value of 0.8 was used.
In this analysis, monthly I WR was calculated as follows (Eqn 5a, b):
The subscript 'm' denotes the analysis was undertaken on a monthly time-step. Monthly values were summed to give annual values, and this process was repeated for the 77 years between 1930 and 2007. A mean I WR value was then calculated. The ET was calculated by using reference evapotranspiration (E 0 ) as calculated by the Penman-Monteith equation, as recommended by FAO Irrigation and Drainage Paper 56 (Allen et al. 1998 ) and weighted monthly crop factors (K c ) as shown in Fig. 6 daily K c values and length of crop-development stages provided by Allen et al. (1998) . For northern Australia, the crop factors presented in Fig. 6 are nominally representative of a crop (e.g. cotton) planted during the early wet season and harvested in June-early July, with a second crop (e.g. a forage or soybean or mungbean) planted in early August and harvested or final cuts made in early December before the commencement of wetseason rains. It should be noted, however, that there is limited experience in double-cropping systems in northern Australia, and it is likely that implementing rotations such as this in areas with heavier soils will be challenging because of trafficability issues in planting of the first crop. Rainfall and ET 0 data were obtained from the SILO Patched Point Dataset (Jeffrey et al. 2001 ) for 123 stations with higher quality climate data across Australia, and I WR was calculated for each station. The results using the K c values outlined in Fig. 6 are similar (<5% difference) to those if a uniform K c of 0.8 is applied to E 0 each month. A uniform K c of 0.8 could be considered representative of a mixture of different broadacre crops, pastures and tree crops being grown simultaneously in an area, where the K c of the plants will be <0.8 during their establishment phase, but their K c will be >0.8 when they achieve full canopy cover. I WR values expressed in ML ha -1 for 123 centres across Australia are shown in Fig. 7 . The same K c values were applied to E 0 data for southern Australia to enable comparison of the evaporative demands between southern and northern Australia. The results presented in Fig. 7 for northern Australia compare favourably with reported studies and with area-weighted wateruse estimates for sugarcane assuming one-fifth under plant crop, three-fifths under ratoon and one-fifth under fallow (e.g. Holden and Sutherland 1998; Petheram et al. 2013b Petheram et al. , 2013c Ash et al. 2018a Ash et al. , 2018b Ash et al. , 2018c Petheram et al. 2018) .
It is important to note that actual irrigation application can sometimes be less than the I WR because the amount of water applied to attain an economic optimum is less than required to attain the agronomic optimum, for example, where supplementary irrigation of pasture occurs.
Broad estimates of the amount of land that could potentially be irrigated (A Pot )
Broad estimates of A Pot in each region were based on the coincidence of potential dam sites and land suitable for irrigation 
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The Rangeland Journal(using only those sites with a YpUC max equal to or greater than the selected threshold), and the more limiting of these two factors. The irrigated annual land suitability map (see Land suitability analysis section above) was used to assess the scale and proximity of soils suitable for irrigated agriculture downstream, and in the vicinity, of the potential dam sites identified earlier. This process is illustrated for the Port Hedland Coast and De Grey River Basins below.
In this example, potential dam sites with YpUC max !2 are shown. Figure 8 shows the potential dam sites overlain on a broad-scale geology map (Fig. 8a ) and land suitability map (Fig. 8a) . Table 3 provides a regional-scale geological assessment of the more promising potential dam sites in the Port Hedland Coast and De Grey River Basins. Site F was deemed geologically unsuitable for a large dam and was excluded from the analysis. Table 4 shows the assumptions used to calculate the area of land that could potentially be irrigated by dams located at sites A-E. Based on these data, the total area that could potentially be irrigated in the Port Hedland Coast River Basin (A and B) and the De Grey River Basin (C to E) by using water from potential dams with a minimum YpUC max !2 is 10 827 ha and 24 586 ha, respectively. In both catchments, the area of land that could potentially be irrigated was water-limited.
Results

Modelled potential dam sites across northern Australia Topographically favourable dam sites: an analysis of maximum storage volume per unit cost (VpUC max )
A promising large-dam site depends on the existence of a physiographic constriction of the river channel immediately downstream of a broad voluminous valley, the dimensions of which determine the storage volume. Figure 9 displays the maximum ratio of reservoir volume to cost of construction (also referred to as the maximum volume per unit cost of construction, VpUC max ) at each site and for all potential dam sites in northern Australia with a ratio of storage per unit cost >20. VpUC max gives an indication of those parts of northern Australia that have favourable topography for dams, and it can be used to identify suitable sites for large, off-stream storages. Figure 9 indicates that the best topography for large dams is in the western half of northern Australia, in particular the Fitzroy (WA), Ord-Bonaparte and Roper regions. The full supply level (FSL) at which VpUC max occurs in these regions is generally >50 m above the riverbed (see top inset Fig. 9 ). With the exception of the Roper region, river basins draining into the Gulf of Carpentaria generally have less favourable topography for siting large dams.
Elsewhere in northern Australia, parts of the Pilbara region and Burdekin catchment have favourable topography for storing water. The FSL at which VpUC max occurs in these regions is~20-40 m above the riverbed. The steep and rugged terrain of the Wet Tropics region has few sites that are topographically suitable for large dams. This is because high dam walls on steep narrow valleys are expensive and do not impound large volumes of water.
Despite the lack of relief, the results in Fig. 9 indicate (counterintuitively) that the upper Wiso-Barkly region has suitable topography for large storages. This is because dam walls that are long (i.e. >15 km) and low (<10 m height) could create impoundments that store very large volumes of water; the landscape is so flat that the impounded area would extend a long distance (e.g. >80 km in some instances). In addition, based on the dam-cost algorithm used, these low dams are relatively cheap (i.e. it is cheaper to double the width of a dam than double the height). However, these shallow, sandy storages would lose excessive water to evaporation and seepage, and runoff is very low (i.e. <15 mm year -1 ) and highly variable. Consequently, when inflows and net evaporation are taken into consideration, these sites are not promising in terms of YpUC max (Fig. 10) .
Topographically and hydro-climatically favourable dam sites: an analysis of maximum yield per unit cost (YpUC max ) and maximum yield
In addition to having suitable topography and geology, dams require sufficient inflows to meet a potential demand (e.g. and channel (D C ) conveyance distances; and river (E T ) and channel (E C ) conveyance efficiencies, and overall efficiency (E % ) assuming a within-scheme/ on-farm efficiency of 90% and field application efficiency of 85%. A Pot is the area that could potentially be irrigated from a town, an irrigation district or mine), and in those areas where evaporation greatly exceeds rainfall, they cannot be so shallow that large amounts of water are lost to evaporation and seepage. Dams that command smaller catchments with lower runoff have smaller yields. The results presented in Fig. 10 take into consideration dam and reservoir dimensions, and also the quantity and variability of inflows to the reservoir and net evaporation from the reservoir. Only those sites with YpUC max !5 are displayed. In terms of YpUC max , the better potential dam locations occur in the western half of northern Australia, where there are topographically favourable potential dam sites with large catchment areas (i.e. large inflows), such as the Fitzroy region. Other locations with large YpUC max are the wetter, more northerly Van Diemen and Western Cape regions. Although these regions have only moderately favourable topography for dams (Fig. 9) , they have large and relatively reliable inflows. However, the western half of much of the Western Cape region is underlain by bauxite, which is highly permeable and generally unsuitable for water storages.
The best large potential dam sites in northern Australia (i.e. yield >1500 GL) in terms of YpUC max are in the lower Daly (Mount Nancar), the lower Victoria and the lower Roper River Basins. However, unlike the existing Ord River and Burdekin Falls Dams, limited areas of land appear suitable for irrigated agriculture below these potential dam sites.
In terms of YpUC max , other potential dam locations of note occur along the Burdekin River upstream of the existing Burdekin Falls Dam (e.g. Hells Gates Mount Foxton), the Fitzroy catchment (WA) (e.g. Dimond Gorge) and the Herbert River Gorge in the Wet Tropics region.
Unlike the catchments in the Timor Sea and Gulf of Carpentaria Drainage Division and the Pilbara region, DamSite modelling of the Queensland coastal catchments indicated weir structures to be generally the most cost-effective form of water storage. This is probably because the large, easterly draining rivers are more deeply incised than the rivers in northern Australia west of the Great Dividing Range. Incised rivers can enable modest storage of water (e.g. 5-20 GL) behind relatively narrow (i.e. 100-200 m),~10-m-high weir structures. Furthermore, unlike most of the rivers west of the Divide, many of the large, east-draining rivers flow for a large proportion of the year, which has the effect of continually replenishing the weir reservoir.
The regions in the Gulf, which are topographically relatively unfavourable for large dams, are even less favourable in terms YpUC max (Fig. 10) because many of these areas also have low runoff relative to the rest of northern Australia (Fig. 3) .
In the westerly Fitzroy (WA), Kimberley and Ord-Bonapatre regions, the FSL corresponding to YpUC max for many of the better locations is~30-50 m above the riverbed. These same locations had an optimal FSL >50 m in terms of storage per unit cost, which indicates that, although larger dams could be constructed at many of these sites, their performance starts to be limited by inflows to the dam reservoir. In the Gilbert and Mitchell River Basins in the Gulf of Carpentaria Drainage Division, there are several potential dam sites where the FSL corresponding to YpUC max is 30-40 m above the riverbed. In the northerly regions, such as Van Diemen, Arafura and Western Cape, the height of the FSL at YpUC max is typically <20 m, largely a reflection of the subdued topography. Figure 10 shows that large parts of northern Australia comprise Indigenous land or have been set aside for conservation or other protection (e.g. nature parks, flora, historical and coastal reserves, state conservation areas, nature refuges and heritage agreements). Some of the better potential dam sites in terms of VpUC max , but also YpUC max , occur in these areas. Many conservation areas are located in quite rugged landscapes with a limited number of other uses, and these landscapes often have locations topographically favourable for siting dams. Figure 11 shows the yield (at 85% annual time reliability) at the dam height at which YpUC max occurs. Note that it is possible that a dam constructed at each site could have a higher or lower yield than displayed in the Figure if the dam wall was constructed higher (and the reservoir yield was not inflowlimited) or lower than the yield at the height of the dam wall at YpUC max .
Potential area that could be irrigated
The amount of land that could potentially be irrigated in each AWRC river basin based on the coincidence of land suitable for irrigated agriculture and large dams with YpUC max !2, 5, 10 and 20 (using the methods outlined above in Scale of northern Australia's irrigation potential) is shown in Fig. 12 .
This analysis does not take into consideration the risk of flooding or secondary salinisation and it is unconstrained by social, environmental, economic and legislative considerations that would limit the upper physical limit estimates of dam and irrigation development presented here.
Across all of northern Australia, it was calculated that there were sufficient large-dam sites with a YpUC max !2 coincident with soil suitable for irrigated agriculture to support 1.84 Mha of irrigated agriculture (Table 5 ), i.e. an increase of nearly 1.7 Mha on the current 150 000 ha. Development of this area would require the building~117 of the more viable large dams and the use of the full yield from eight existing large dams such as the Burdekin Falls and Ord River Dams. Approximately 55% of this area (~1 Mha of irrigated agriculture) could be irrigated from~30 of the existing and most promising large dams with YpUC max !2. Figure 13 plots the ranked cumulative area that could potentially be irrigated by increasing the number of dams (i.e. the dam that supports the largest area of irrigation first and that which supports the smallest area of irrigation last) if the minimum YpUC max threshold was set at 2, 5, 10 and 20. Clearly, there are declining marginal returns to dam construction, in part because it is efficient to build the best dams first, but also because additional dams may in some places 'compete' for the same water supply.
Irrigation development in northern Australia within the context of Australia
In 2012-13, it was estimated that~2.4 Mha of irrigated land existed in Australia, of which 1.2 Mha was situated in the Murray-Darling Basin (ABS 2014). In northern Australia, an estimated~150 000 ha of land is irrigated (excluding those parts of the Emerald irrigation area in the Fitzroy catchment (Qld) just south of the Tropic of Capricorn), or~6% of Australia's irrigated area. This study estimated that increasing the area under irrigation in northern Australia to 1.34 Mha (assuming that only dams with YpUC max >5 were considered) would result in a~50% increase in Australia's total irrigated area. This is consistent with the finding of Petheram et al. (2010) , who estimated that northern Australia could support~38% of Australia's potentially irrigable area (unconstrained by social, environmental, economic or legislative considerations or the availability and proximity of land suitable for irrigation). To irrigate an area of 1.34 Mha in northern Australia would require the controlled release of~21 500 GL of water from reservoirs in the north. This is equivalent to~30% of the water that was extracted from all of the rivers/dams in Australia in 2000-01 (~75 000 GL), of which two-thirds (i.e.~50 000 GL) was returned to river, mainly after use for hydroelectric power generation, and one-third (~25 000 GL) was consumed by cities, industry, households and agriculture (CSIRO 2011) . In comparing the areas that could physically be irrigated in northern and southern Australia, it should be noted that at the time of dam and irrigation development in many parts of southern Australia (i.e. 1950s to 1980s) , community values, legalisation and economic paradigms were very different from today. Furthermore, dam and irrigation development in northern Australia would need to comply with some legislation that is largely unique to the north (e.g. land tenure, Reef Water Quality).
Discussion
To the authors' knowledge, this study is the first consistent and objective assessment of individual dam sites and their potential for irrigation across an area of this scale. Over 100 billion calculations of dam and reservoir dimension and yield were undertaken across an area of 3 million km 2 , and the entire analysis was completed in a period of less than 2 months. Because the SRTM was captured globally, the methods outlined in this paper could potentially be applied anywhere in the world. However, in places where there is not a higher resolution and more accurate DEM than the SRTM, the SRTM would require processing to remove striping and vegetation and enforce drainage as was done for Australia to create DEM-H (Gallant et al. 2011 ). An assessment of areas of land that could potentially be irrigated would be contingent upon regional-scale land suitability data being available. The results of this study have been used to guide government priorities for investment and in planning studies to acquire more detailed bio-physical information to support investment and regulatory decisions (PMC 2015) . This paper also provides several upper limits on irrigation development depending on the appetite of government to invest in infrastructure development in northern Australia. Under the least financially attractive of the options explored (i.e. 2 GL per unit cost),~1.84 Mha of land could potentially be irrigated using water from 125 large dams (Table 5) ; however, these dams yielded water at a unit cost considerably lower than is likely to be politically palatable based on current public discourse. A more palatable, but still financially unattractive, option under current economic evaluation methods is the threshold of 5 GL per unit cost, for which 1.34 Mha of land suitable for irrigation could potentially be irrigated using water from 85 large dams. The Dagworth Dam in the Gilbert catchment was calculated by the DamSite model to have a YpUC max of 8. However, in a detailed hydro-agroeconomic analysis, Poulton et al. (2013) were unable to identify any conditions under which a positive internal rate of return could be attained, except where a high price for sugarcane was sustained over the entire 30-year investment period, and this resulted in an internal rate of return of only~1% (i.e. less than long-term inflation).
If the amount of land under irrigation in northern Australia increased to 1.34 Mha, then~37% of Australia's irrigated land would be north of the Tropic of Capricorn. This percentage is remarkably similar to that calculated by Petheram et al. (2010) , the only other study that has sought to provide a continental assessment of Australia's potential for irrigation. Ignoring soil data and using only broad-scale water datasets, Petheram et al. (2010) estimated that northern Australia has~38% of Australia's potentially irrigable area (unconstrained by social, environmental, economic or legislative considerations) and concluded that, whereas there are opportunities for irrigation in northern Australia, the majority of Australia's irrigation would always be located in the south. This study further supports this assertion.
The main technical limitations to this assessment of the potential for large dams and irrigation in northern Australia were associated with: (i) the scale and quality of the best available DEM; (ii) the lack of on-ground geological assessment; and (iii) the broad scale of the land-suitability mapping. Although this assessment did not assume a given regulatory environment, the authors recognise that in reality, the current legal and regulatory environment, which varies across the three northern jurisdictions, will considerably constrain dam and irrigation development across northern Australia, and that these can change with time. The potential areas of development being discussed here therefore represent likely upper limits based on physical considerations. This study represents a major advance on the methods applied by Petheram et al. (2010) , and the authors have not identified any comparable study in the international literature.
Although this paper focused on large, in-stream dams, some parts of northern Australia may lend themselves to extracting water from groundwater, water-harvesting and offstream storage of water, and managed aquifer recharge. In some cases, there may also be opportunities to augment and extract water from natural waterholes and wetlands to supply farm-scale irrigation developments. Of these alternative sources of water, only for groundwater has it been estimated how much land could potentially be irrigated in northern Australia. Here, Turnadge et al. (2013) extended the analysis of Cresswell et al. (2009) to the Tropic of Capricorn and estimated that groundwater could potentially support 100 000-150 000 ha of irrigated land in northern Australia. This is~10% of the land that could physically be irrigated by using large dams in northern Australia, and this value is comparable to the ratio of groundwater and surface water usage in southern Australia (CSIRO 2011) . Although the potential to use other sources of water for irrigation has not been quantified, each of these approaches is likely to be physically capable of supplying far smaller (i.e. 5-100 times lower) volumes of water than large, in-stream dams. Nevertheless, each water source may have a role to play in maximising the cost-effectiveness of water supply in a given location, and/or enable locally specific irrigation methods to be learnt at a small scale before undertaking large capital investments. Furthermore, the proportion of land that may eventually be irrigated by using other sources of water may be larger than stated above if social, environmental, economic and legislative factors, which will inevitably constrain water and agricultural development in northern Australia, are realised. As with large dams, the development of these water-supply options would require trade-offs with other users of the water and the environment.
Conclusions
This analysis indicates that opportunities for irrigation development across northern Australia are not evenly distributed and that surface-water storage potential is generally more limiting than land suitable for irrigation. Higher yielding potential dam sites are generally located in the north-western half of the study area (i.e. the Timor Sea Drainage Division), where the topography is more favourable for large dams in the mid-reaches. In the north-eastern half of the study area (i.e. Gulf of Carpentaria), favourable topography for dams is generally limited to the upper reaches of catchments, where dam catchment areas are relatively small and rainfall is often relatively low. In the semi-arid and arid southerly regions, there are very limited opportunities for large dams. Most, but not all, catchments across northern Australia were deemed water-limited.
Physical resources (soil, surface water and potential large in-stream dams) sufficient to support 1.34 Mha of irrigated agriculture exist in northern Australia. Development of this area would require~85 of the more viable large dams (including the Burdekin Falls and Ord River Dams, which are already constructed) and a large number of reregulating structures (e.g. weirs). Approximately 50% of this area (~650 000 ha) could be irrigated with~25% (20) of the more promising large dams in northern Australia. Clearly, applying consistent and repeatable physical criteria to dam prioritisation could significantly increase the cost-effectiveness of dam selection and construction.
New dam and irrigation developments in northern Australia would need to comply with a variety of state, national and international legislation that did not exist at the time of dam and irrigation development in the south, as well as complying with some legislation that is largely unique to northern Australia (e.g. land tenure and Reef Water Quality). In reality, these legislative controls and social norms, both of which change with time, will limit the upper estimates of dam and irrigation development stated in this paper.
Consequently, although alternative sources of water (e.g. groundwater, wetlands, natural waterholes) and water storage (e.g. gully dams, ringtanks, managed aquifer recharge) may be able to contribute only~20-30% of the irrigation area physically possible using large dams, the proportion of irrigated land that may eventually be realised by using these alternative sources of water may be higher once social, environmental, economic and legislative factors are realised.
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